The concept of open data has been gaining traction as a mechanism to increase data use, ensure that data are preserved over time, and accelerate discovery. While epidemiology data sets are increasingly deposited in databases and repositories, barriers to access still remain.
Introduction
Large-scale epidemiological data sets offer immense potential for secondary data discovery and translational research provided the data are Findable, Accessible, Interoperable, and Reusable (FAIR) (Wilkinson et al., 2016) . Data repositories such as Dryad, dbGaP, and to a more limited extent ICPSR support the deposition of epidemiology data and metadata for download and secondary use by other researchers. In some cases, that data can even be analyzed online through integrated tools like Survey Documentation and Analysis (SDA, Institute of Scientific Analysis). A few recent studies such as Child Health and Mortality Prevention Surveillance (CHAMPS) have taken data sharing a step further and allow open access to aggregate data and online data visualization tools even as the study continues and the database is regularly updated with new data. The Clinical and Epidemiology Database (ClinEpiDB) resource was developed within this landscape as an open-access online tool to help investigators quickly and easily explore data from complex epidemiological studies. For the initial prototype of ClinEpiDB, socioeconomic, demographic, clinical, and other data from the Program for Resistance, Immunology, Surveillance and Modeling of Malaria in Uganda (PRISM) (Kamya et al., 2015) , an International Center of Excellence for Malaria Research (ICEMR) (Rao, 2015) , was loaded into a relational database, leveraging infrastructure from EuPathDB (soon to become VEuPathDB, reflecting a merger with VectorBase (Giraldo-Calderón et al., 2015) ), a collection of databases supporting multiomics research on eukaryotic microbial pathogens, relevant non-pathogenic species, and selected hosts (Aurrecoechea et al., 2017) . Private release of the prototype to PRISM data providers prompted web tool optimization for settings with limited internet connectivity and led to rapid appreciation of the potential to facilitate data exploration by the full investigation team and raise study awareness. As a result, the PRISM study was publicly released in February 2018, even as primary publications on the data were still in preparation. The PRISM study was followed by release of ten additional studies (Table 1) , including the Global Enteric Multicenter Study (GEMS) (Kotloff et al., 2013) and the Etiology, Risk Factors, and Interactions of Enteric Infections and Malnutrition and the Consequences for Child Health study (MAL-ED) (Acosta et al., 2014) . Additional releases containing data on malaria, enteric, respiratory, and other major global health priorities are scheduled for 2019-2020 and beyond.
The resulting ClinEpiDB resource enables easy access and exploration of epidemiologic study design details and data for each study that is loaded. Study methodology, supporting documentation, and attribution are accessible through study pages. The ClinEpiDB user interface enables point-and-click interrogation of diverse data types where variables are displayed as interactive tables and histograms, enabling users to contextualize and identify subsets of data and visualize and analyze the results. For example, users can explore the impact of geographic location, mosquito exposure, and housing design on the frequency of acute malaria versus asymptomatic Plasmodium infection in the PRISM study. Entire data sets or filtered subsets of data can be downloaded for more advanced analyses.
For data sets that require advanced security, ClinEpiDB offers a tiered data access system. All ClinEpiDB data sets released to date allow complete access to aggregate data and visualization tools, but some studies require that data access requests must be approved in order to view and download disaggregate data.
Methods

Ethical statement
The ClinEpiDB platform has received approval from the University of Pennsylvania under IRB#7, Protocol #828806. All studies included in ClinEpiDB have undergone ethical approval at applicable institutions prior to data collection (ClinEpiDB is generally not involved in this process). Data providers also obtain approval from their institutions to have their data hosted on ClinEpiDB.
Implementation ClinEpiDB integrates studies conducted by various primary research groups and can accommodate a variety of study designs and variable types. Researchers supply flat data files along with data dictionaries, CRFs, and protocols to help contextualize the data. Variables within the data set may contain categorical, continuous, discrete, or free text data.
Once the data are received, a series of files are constructed according to a standard operating procedure to process the variables, map them to ontology terms, and map coded categorical values to the descriptive terms displayed on the website (Figure 1 ). Personally identifying variables -such as participant names and addresses -are excluded to ensure confidentiality. Variables used solely for data cleaning purposes are also excluded.
To deal with the challenges of integrating distinct studies with highly heterogeneous data while providing user-friendly mechanisms to identify similar variables, we employ an ontology-based approach to generate a unified semantic framework as described in Zheng et al. (2016) . Wherever possible, variables are mapped to existing terms drawn from Open Biological and Biomedical Ontologies (OBO) Foundry, which supports interoperable ontologies (Smith et al., 2007) . New ontology terms with their IRIs are created as required. The use of ontologies to represent variables from different studies guides how data are loaded into relational databases and supports presentation of variables on the website to facilitate searching and analysis.
Once the data, ontology, and value mapping files are prepared, the data undergo processing to obfuscate dates to protect participant confidentiality. All dates for a given participant are consistently shifted forward or backward by 0-7 days according to a random number algorithm. All data are then transformed into an ISA-based (Investigation, Study, Assay) format (Sansone et al., 2012) and loaded into a relational database based on the Genomics Unified Schema, version 4 (GUS4) (Davidson et al., 2001) .
Searches for each study are made available to users in an intuitive user interface (the "Search Wizard"), driven by a series (1) The ClinEpiDB team generates an allVariables file from the raw datafiles, data dictionaries, and CRFs that contains all variables collected as part of the study and indicates whether each variable will be displayed on the website or not. (2) This file is used to make a valueMap file that maps coded categorical values to descriptive terms to be displayed on the website and (3) a variableMap file that maps variables to existing ontology terms and labels for display on the website. (4) The variableMap file is further processed by the ontology team and new ontology terms are created as needed. (5) All files are passed to the data loading team who uses them to pre-process the data, shifting dates based on random number algorithm, and create ISA files to load into the GUS4 database.
(6) Once files are loaded, they appear on an access-restricted website. Any additional searches required by a study are designed and implemented.
of SQL queries against the GUS4 database (code available on GitHub, see Software availability). These searches vary depending on study design and record types. For example, in the longitudinal PRISM study, users can specifically retain or exclude observations occurring within a specified time relative to another observation through the "Related Observations" step in the Search Wizard (e.g. identify children diagnosed with febrile malaria at least twice within a six-month period). In the GEMS case-control study, users can compare cases to matching controls and choose whether to return data from the selected participants, matching cases/controls, or selected participants plus their matching cases/controls. Implementation of the strategies web development kit (WDK) (Fischer et al., 2011) allows users to construct even more complex queries using logical operators (union, intersection, subtraction) and to save and share search strategies.
Studies are reviewed by ClinEpiDB staff for quality control and made accessible to primary data providers using a protected internal website to ensure data accuracy and query functionality. Data are only scheduled for public release following data provider approval. Updates to the database are released every two months and can include new studies, features, and/or software updates.
Operation
ClinEpiDB can be accessed via any web browser at https:// clinepidb.org. User support is available via the "Contact Us" link and tutorials are accessible via the "Community" drop-down menu at the top of each web page.
Study pages. Clicking a study name on a card on the ClinEpiDB homepage ( Figure 2A ) or under the "Search a Study" drop-down menu brings up the study page, which provides a description of study goals and objectives, methodology, investigators, and links to associated publications. This page also provides links to case report forms (CRFs) and data dictionaries, which detail variable definitions, allowed values, skip patterns, etc. For studies that require permission to download data, the study page also (Table 2 ). For example, surveillance studies with just a single observation per participant offer only a participant search (e.g. "How many participants presented with both a fever and cough"). Studies with multiple participants from the same household will have household searches as well (e.g. "Which households contained children with asymptomatic parasitemia"). Longitudinal studies permit observation-level searches (e.g. "Identify all observations of children with malaria from houses with unscreened windows").
Within each search, users can subset the data based on any of the variables available through the "Search Wizard", explore associations between variables, and return an interactive table of selected data.
From the home page, clicking a search icon on a study card initiates a search ( Figure 2B ). The "Search Wizard" at the top of the page ( Figure 2C ) categorizes the data, providing a step-wise approach to selecting data. On the left-hand side of the page, the variable tree presents all variables within that step of the Search Wizard ( Figure 2D ), while the search bar at the top of the page allows users to search for variables across all Search Wizard steps ( Figure 2E ). To subset data, users click on a variable of interest (e.g. "Temperature (C)") and specify desired values. Continuous data are displayed as a histogram and can be selected by typing in a specific range or by clicking and dragging the cursor across the range of interest ( Figure 2F ). Categorical data (e.g. "Malaria diagnosis and parasite status") are displayed in a table and can be selected via the adjacent check boxes ( Figure 3A ).
As data are selected, the data available for other variables in that Search Wizard step and any downstream steps are dynamically updated so the user can visualize the impact of their selection(s) on other variables. The "Remaining" column in the variable tables indicates the data remaining given all upstream filters ( Figure 3B ), while the column to the immediate right indicates the total counts ( Figure 3C ). For both continuous and categorical variables, data meeting upstream selection criteria are shown in red on the distribution graph while data excluded by the selection criteria are shown in grey ( Figure 3D ). Selections can be reviewed, edited, or removed by clicking the green filter icon ( Figure 3E ) and then clicking the blue link to edit selections for a variable or the "X" to remove it ( Figure 3F ). Combined with data visualization through bar charts and histograms, this ability to conveniently add, edit, and remove filters makes it possible to rapidly assess the structure of the data and potential associations between variables of interest.
New users wanting to get a sense of what types of searches are possible can choose to view and edit publicly available searches under the "Explore Example Searches" section of the homepage ( Figure 2G ).
Results page and analysis apps. Data selected as described above are displayed on the Results Page (Figure 4 ) when the user clicks the blue button at the right-hand terminus of the Search Wizard ( Figure 3G ). The selected data are displayed as a table (Figure 4 ) and may be passed to a suite of web applications for additional visualization and analysis. Variables available as columns are based on the type of search performed (Table 2) . Histogram icons in the column headers allow users to assess the distribution of the subset of data for that variable ( Figure 4A) ; links in the top right corner allow users to add additional variable columns ( Figure 4B ) or download the selected data ( Figure 4C ).
The "Analyze Results" tab ( Figure 4D ) leads to a suite of web applications created using Shiny, an open-source R package for building interactive web applications (RStudio Inc, 2019). Three Shiny apps are currently available in ClinEpiDB: Distributions, Contingency Tables, and Data Summaries (also accessible under "Explore Visualization Tools" on the homepage; Figure 2H ). The Distributions application shows the distribution of any variable in the data set and allows stratification based on other variables. The Contingency Table  application generates a 2 × 2 contingency table for two selected variables and calculates a p-value, odds ratio, and relative risk, enabling assessment of associations (note that these statistics should be interpreted with caution as they do not control for confounding or bias). The Data Summaries application plots a variable of interest over time for longitudinal studies or two variables of interest against each other for non-longitudinal studies. For each app, users can toggle between tabs to define plot parameters, view summary statistics, display a plot grid or individual plots, and obtain help. Drop-down menus allow users to specify which variables to graph and whether to stratify data based on additional variables. Updating parameters automatically regenerates all statistics and plots. By default, Shiny apps utilize the entire study data set, but users may choose to examine data selected in the Search Wizard by stratifying based on search results.
Data downloads. Data in ClinEpiDB may be downloaded in two ways. Clicking the "Download" link on the Results Page ( Figure 4C ) allows users to customize downloads, specifying which variables to retrieve based on the search type (see Table 2 ). All other variables can be downloaded, and data can be linked across files via observation, participant, and household IDs. Users may specify .txt or .csv formats, both of which can be consumed by most modern data analysis tools. Users can also download the entire data set via the "Download Data" link on the homepage study card and the study page. An ontology term association file links variables to their original study labels so users can reference study CRFs and data dictionaries to learn more about each variable. Variables are also mapped to ontology terms via Internationalized Resource Identifiers (IRIs) which are included in each column header of the download file (Ong et al., 2017) . Following OBO Foundry principles, the terms are reused or requested from existing ontologies when possible but placeholder terms are also created as needed. Once defined, the terms are made public in the EuPathDB application ontology along with imported terms from other ontologies and are searchable on Ontobee.
Accessibility of datasets
ClinEpiDB is committed to making epidemiologic data sets accessible to global research and biomedical communities while protecting the rights of study participants and data providers. Prior to viewing the website for the first time, users are required to agree to a Data Access and Use Policy outlining expectations regarding data use, protection of participant privacy, and acknowledgement of data providers and ClinEpiDB.
Some studies require data access restrictions at the data provider's discretion. There are five access levels data providers can choose from that differ in their requirements for users to view aggregate versus disaggregate data (Table 3) . Aggregate data are accessible in the Search Wizard and through the Shiny apps, while disaggregate data can be found on the results page, individual record pages, and in the download files. Except for studies classified as private, which require approval to see any data, users can see all variables and aggregate data for all studies.
When a user reaches a restricted section of the website, they are automatically prompted to either log in with a ClinEpiDB account or log in and submit a data access request, depending on the access restrictions. The data access request form requires the purpose for which the requested data will be used, whether the requester has been in contact with the study team, hypotheses and/or research questions, analysis plan, and planned dissemination of results. The request is then sent to data providers for approval. Users are contacted within a few days with any conflicts that are identified or with notification of approval. Once approved, they may view and download that study's data at any point by logging into their ClinEpiDB account. To ensure transparency and promote collaboration within the wider scientific community, the requestor's name, organization, request date, and indicated purpose appear publicly on the corresponding study page once approved.
Use cases
ClinEpiDB provides a powerful web-based platform that enables the research community to easily access and explore clinical epidemiological data for primary and secondary use via an intuitive point-and-click interface, maximizing potential for generating new, data-driven hypotheses and promoting collaborations between researchers.
Two examples focusing on the PRISM data (Dorsey et al., 2018) , the first study released on ClinEpiDB, illustrate how the website can be used by potential collaborators looking for samples and analysts looking for data to inform modeling. In the first instance, a collaborator interested in accessing and analyzing peripheral blood mononuclear cell (PBMC) samples from timepoints close to when a participant was diagnosed with malaria was able to identify the appropriate samples themselves using ClinEpiDB and begin generating preliminary data. By initiating an observation search and setting "Sample type" to "PBMC", they were able to determine that 5295 PBMC samples were collected during the study. Next, by going to the "Related Observation" step in the Search Wizard, opting to "Keep Observations within 0-10 days after the Related Observation specified below" and selecting data where "Malaria diagnosis and parasite status" was "Symptomatic malaria", they were able to identify 130 PBMC samples collected within 10 days of a malaria diagnosis (see saved strategy). In a second example, a student was able to examine the data using ClinEpiDB to determine a difference in the percent of malaria-attributable fever based on whether fever was self-reported or measured. By running an observation search and limiting "Temperature (C)" to greater than or equal to 38 then looking at where "Asexual Plasmodium parasites present, by microscopy" was positive, they found that 2824 of 4508 observations of measured fever (62.6%) could be attributed to malaria. In contrast, looking at observations where "Subjective fever" was reported and where "Asexual Plasmodium parasites present, by microscopy" was positive revealed that 6006 of 15,228 observations (39.4%) of self-reported fever could be attributed to malaria. They planned to use those statistics to adjust a model that uses data on self-reported fever.
An additional hypothetical example highlights how users might explore data in ClinEpiDB before deciding to submit a data access request to download the data for further analysis. A user might be interested in re-analyzing risk factors for rotavirus infection and disease in children based on new molecular diagnostics testing for enteropathogens in MAL-ED stool samples (Platts-Mills et al., 2018; Spiro et al., 2019) instead of ELISAs, as done previously (Mohan et al., 2017) . To quickly determine if secondary analysis is worthwhile, the user would perform an Observation-level search of MAL-ED, choosing the Observation step from the Search Wizard, and selecting the entire range of Cycle threshold (Ct) values under "Rotavirus Ct value, by TAC result" to limit analysis to samples that underwent TAC testing for rotavirus. Setting "Stool type" to "Diarrhea" reveals that 6745 diarrheal stool samples were tested for rotavirus using TAC. By navigating back to "Rotavirus CT value, by TAC result" and setting the range of Ct values to "<31.7" (the TAC cut-off for rotavirus defined in Platts-Mills et al. (2018) and then returning to "Stool type", the user would observe that 568 (8.4%) of 6745 diarrheal stool samples were positive for rotavirus using TAC (see saved strategy). Substituting "Rotavirus, by ELISA" for "Rotavirus CT value, by TAC result," the user would then discover that 535 (5.7%) of 9301 diarrheal stool samples were positive for rotavirus by ELISA, consistent with the report by Mohan et al. (2017) (see saved strategy). Such study exploration enables rapid evaluation of whether or not a robust statistical reanalysis using the more sensitive molecular diagnostic data would be feasible.
Conclusions
Journals and funders increasingly require that data be made publicly available (National Institutes of Health, 2003; The Wellcome Trust, 2011) , but data hidden in supplementary data files or stored in data repositories are often difficult to locate, interpret, or use by those not actively engaged in the study. ClinEpiDB strives to follow FAIR Guiding Principles (Wilkinson et al., 2016) by creating resources, tools, vocabularies, and infrastructure that supports third-party discovery and reuse of primary epidemiological research data. Studies loaded into ClinEpiDB are provided with stable, unique identifiers, making them "Findable." An intuitive interface and visualization tools allow users to see and directly query the data, lowering the barrier for exploratory data analysis. While these tools are not a substitute for rigorous, controlled statistical analyses, data can be downloaded in common machine-readable formats for robust analysis, making it more "Accessible." The implementation Table 3 . Data access restriction levels.
Access level Description
Public No access restrictions. Users can view and download all data as a "Guest" without logging in.
Controlled Users can view data in the Search Wizard, in Shiny apps, and view the results pages and record pages as a "Guest" without logging in, but must obtain approval from the data providers to download data.
Limited
Users can view data in the Search Wizard and Shiny apps as a "Guest" without logging in, but must log in with a registered account to view more than 20 rows of data on the results page or view individual record pages. Users must obtain approval from the data providers to download data.
Protected
Users can view data in the Search Wizard and Shiny apps as a "Guest" without logging in, but must obtain approval from the data providers to view more than 20 rows of data on the results page, view individual record pages, or download data.
Private Users must request and obtain approval to access any aspect of the data.
of standardized, publicly available ontologies makes the data more "Interoperable." Even when similar variables in different studies map to distinct ontology terms, the display labels, definitions, and position of the variable in the variable tree provide useful information that allow users to generate similar queries for different studies. Study pages are always public and provide context that makes the data more "Reusable."
As ClinEpiDB continues to be developed, users can expect to see the release of additional studies focusing on malaria, enteric disease, respiratory disease, and more. Additional long-term development plans include strengthening and expanding data visualization and exploration tools. Epidemiologic data loaded into ClinEpiDB is currently separate from genomic data available via other EuPathDB resources such as PlasmoDB (Bahl et al., 2003) or MicrobiomeDB (Oliveira et al., 2018) , but the use of common infrastructure creates the possibility of queries across currently disparate resources, facilitating additional secondary data use.
In summary, the ClinEpiDB platform promotes access and interrogation of complex epidemiological studies loaded in the database through a user interface that enables visualization of and interaction with all data within a study. Regular release of additional studies along with new features is expected to further support secondary data use. Similar to what has been achieved through the EuPathDB websites, production of ClinEpiDB will help maximize the impact of the epidemiology studies that are loaded and abbreviate time to discovery while stimulating productive collaborations between research groups.
Data availability
All data underlying the results are available as part of the article and no additional source data are required. Age in years to two decimal places is very specific and could assist re-identification of an individual. Perhaps a sliding scale could be used instead, something like: age in days for category 0-2 weeks, age in weeks for up to 2 months, age in months up to 2 yrs, and age in years (integers) thereafter. At some point, age to two decimal places is not any more meaningful than age as an integer, but it provides an additional layer to prevent re-identification.
Software availability
Similarly, measurements that have many decimal places could conceivably be used to re-identify individuals, and number of decimal places can often be restricted without altering meaning (For example, in our own work, birth weight in kg is recorded to four decimal places, and given approximate time of birth, location or other similar filter, could potentially be used to re-identify individuals. Restricting birth weight to one or two decimal places does not alter epidemiological value of the measurement). For a set of longitudinal measurements, the risk of re-identification becomes even higher.
As the same integer is used per individual to offset the dates in the dataset, I wonder if 7 is a little low as an offset limit? Increasing this limit to, for example, 30 or 50 should not alter epidemiological validity whilst significantly reducing risk of re-identification. I am interested in the choice of one week -so am satisfying my own curiosity, too, in asking this question rather than proposing a change in the current limit.
As a secondary user of data, I like to see what information the participants received about how their data are used, and what form they have signed for the use of those data: I like to be sure that the participant knows how their data are being used, and approve of that use (and that I am not contravening their approvals). It would be useful and appropriately transparent if the participant information document and informed consent template could be provided along with the CRFs and data dictionaries, as well as the ethics approval letter/document. Perhaps they are provided somewhere else and I have missed it, but this seems an intuitive place to be able to access these documents, to ensure my intended secondary use is in line with participant consents. This would also permit the downstream data consumers to take personal responsibility for deciding on what is appropriate, consented and ethical re-use of the data, in addition to such decisions taken by data submitters and curators.
It is unclear to me why the curators at ClinEpiDB receive identified data, and do the de-identification -if I have understood this correctly. Would it be preferable if data submitters were to replace personal and identifying information with anonymised IDs prior to submitting their datasets?
Whilst I appreciate that this is a Methods/DB paper, my interest is immediately raised as to what participants think of this use of their data; and I do believe this should be a consideration for any resource that provides open access to sensitive participant data. I think it would be an appropriate and responsible addition to the paper to add just a short sentence to the ethics section to describe what community engagement programs were undertaken to understand acceptability of this data-use for the participants for the prototype research program. When accepting data sets to the platform, perhaps community engagement information could be some of the metadata that are
